Despite good progress towards elimination, malaria continues to contribute substantially to the sub-Saharan African disease burden. Sustaining previous gains requires continued readiness to deliver malaria services in response to actual disease burden, which in turn contributes to health systems strengthening. This study investigates a health system innovation. We examined whether malaria prevalence, or endemicity, is a driver of health facility readiness to deliver malaria services. To estimate this association, we geo-linked cross-sectional facility survey data to endemicity data for Kenya, Namibia and Senegal. We tested the validity and reliability of the primary study outcome, the malaria service readiness index and mapped service readiness components in a geographic information system. We conducted a weighted multivariable linear regression analysis of the relationship between endemicity and malaria service readiness, stratified for urban or rural facility location. As endemicity increased in rural areas, there was a concurrent, modest increase in service readiness at the facility level [b: 0.028; (95% CI 0.008, 0.047)], whereas no relationship existed in urban settings. Private-for-profit facilities were generally less prepared than public [b: À0.102; (95% CI À 0.154, À0.050)]. Most facilities had the necessary supplies to diagnose malaria, yet availability of malaria guidelines and adequately trained staff as well as medicines and commodities varied. Findings require cautious interpretation outside the study sample, which was a more limited subset of the original surveys' sampling schemes. Our approach and findings may be used by national malaria programs to identify low performing facilities in malarious areas for targeted service delivery interventions. This study demonstrates use of existing data sources to evaluate health system performance and to identify within-and cross-country variations for targeted interventions.
Introduction
Globally, 3.3 billion people are estimated to be at risk of exposure to at least one of five Plasmodium parasite strains responsible for causing human malaria (Programme 2015) . In 2015, 88% of cases worldwide or $188 million were in sub-Saharan Africa, where there were an estimated 395 000 malaria deaths (Programme 2015) . Fortunately, a rapid decline in morbidity and mortality since 2003 (Murray et al. 2014 ) is due in large part to an emphasis on transmission-prevention interventions, vector control and good case management (Programme 2015 ). Yet, new technologies indicate the existence of a vast reservoir of subclinical malaria infections which has been implicated in maintaining transmission of malaria parasites (Rogerson et al. 2010 , Okell et al. 2012 . Sustaining previous gains and efforts towards malaria elimination will require continued readiness of national health systems to respond appropriately with diagnostics and treatment in addition to continued distribution of preventive measures (Galactionova et al. 2015) .
New and improved evaluation methods are necessary to achieve better health service delivery performance, leading to health systems strengthening (Mills 2012) . Health facility assessment data can be harnessed to help inform the response to international calls for health systems strengthening, access to universal health coverage and increased focus on delivery of quality services (Evans et al. 2012 , The Lancet 2012 , Balabanova et al. 2013 , Kruk 2013 , Kruk et al. 2016 . Facility surveys provide routine data on comprehensive and disease-and service delivery-specific baseline performance at the facility level and systems performance in the aggregate (Mfinanga et al. 2009 , Abdelgader et al. 2012 , Khan et al. 2013 , Lee et al. 2016 . They offer disaggregated data reflective of local level performance and outcomes which may avoid pitfalls of nationally aggregated data that mask underlying variations (Kruk et al. 2008 , Cooper et al. 2012 , Burgert et al. 2014 , Snyder et al. 2014 , Rammohan and Awofeso 2015 .
Efforts are underway to agree upon and consolidate useful and valid performance metrics, as is evidenced in the Health Data Collaborative's Global Reference List of 100 Core Health Indicators, 2015 (Global Reference List of 100 Core Health Indicators, 2015 Indicators, 2015 . In the meantime, facility survey data linked to household and/or geospatial data offer novel inter-and intra-country options for service delivery and systems evaluation through existing data repositories and standardized assessment metrics. In the past, approaches for evaluation of malaria outcomes such as behaviour change counselling or service delivery effectiveness studies have largely been limited in geographic scope, thereby limiting their generalizability to the broader health system (Boulay et al. 2014 , Galactionova et al. 2015 . Existing, routine facility survey and spatial data offer current alternatives atscale for baseline health systems performance assessment. They can also inform cross-country comparisons, which help place systems performance within the broader context of regional and international trends (Gupta and Dal Poz 2009) .
A gap in knowledge exists with respect to whether facility performance in terms of delivery of malaria preventive, diagnostic and treatment services varies according to malaria prevalence (Burgert et al. 2014) . Addressing this deficit may help to inform and maintain an adequate level of service readiness in areas of need, a necessary precursor to improved service quality in the fullest sense, including in terms of patient-centred care and responsiveness to patient and population health needs (Boerma et al. 2009 ). This may be particularly important for apparently low transmission zones where discovery of subclinical infection reservoirs requires renewed study and resources to ensure health system resilience in terms of awareness of the problem and ability to adapt (Okell et al. 2012 , Kruk et al. 2015 .
Accordingly, we extended Burgert et al.'s (2014) approach for using spatially located malaria prevalence data, or endemicity, to examine insecticide-treated bed net (ITN) ownership patterns, which have been shown to vary by endemicity level. Specifically, we demonstrated a health systems innovation by linking malaria endemicity data with public and private health facility data in a geographic information system (GIS) to explore the association between disease burden and facility readiness to deliver services. . We considered three sub-Saharan African countries, Kenya, Namibia and Senegal, where rapidly shifting endemicity maps require improved understanding and measurement of health facility performance. Our objectives were 3-fold, to: (1) examine general patterns of readiness to deliver services via visual mapping, (2) establish the validity and reliability of the World Health Organization's (WHO) malaria service readiness index and (3) explore variations in facility readiness to deliver malaria services. We hypothesized that there would be a positive relationship between malaria endemicity and health facility readiness in rural areas, and no relationship in urban, given malaria's long-standing status as a rural disease (Hay et al. 2005) . We also expected to see a positive association between prevalence and readiness due to rapid scale-up of donor investments and improvements in national malaria planning over the past decade designed to target high burden areas, including both hyperendemic and localized hot spot transmission zones (Shiffman 2006 , Bousema et al. 2010 .
Senegal, where the parasite Plasmodium falciparum is responsible for causing malaria-related morbidity and mortality. Like many African countries, the health systems of Kenya, Namibia and Senegal are decentralized, with much of the management and service delivery functions lying at the regional and district (or equivalent) levels, respectively. Public, private for-profit and private not-forprofit providers including non-governmental organizations (NGOs) and faith-based organizations (FBOs) make up the care delivery mix. In Kenya, care is delivered across six levels: three hospital levels; health centres, maternities, nursing homes; dispensaries, clinics; and the community (Kenya Service Provision Assessment Survey 2010 2011). Namibia delivers care in the public sector through a national referral hospital, intermediate hospitals, district hospitals, health centres, and clinics; care in the private for-profit sector through hospitals, health centres and primary care clinics; and care in the private not-for-profit sector through community-and mission-based facilities (Namibia Health Facility Census (HFC) 2009 2011). Care in Senegal is delivered across four main levels: regional hospitals, district health centres, health posts and health huts (Agence Nationale de la Statistique et de la Démographie (ANSD) [Senegal] et al. 2013) .
We selected countries if they had a heterogeneous malaria burden, or at least 15% of the population residing in no or low malaria prevalence areas (Burgert et al. 2014) , and availability of geolocated national health facility survey data for 2007 or later. Facilities were included if they provided malaria diagnostics and treatment, antenatal, pharmacy and laboratory services, and if they had a completed questionnaire with at least one complete health worker interview. We excluded HIV/AIDS voluntary counselling and testing (VCT) facilities in Kenya and health huts in Senegal, as these facilities are not intended to provide the full range of malaria and antenatal care services (Kenya Service Provision Assessment Survey 2010 2011, Agence Nationale de la Statistique et de la Démographie (ANSD) [Senegal] et al. 2013) .
Data collection
We used USAID's publicly available Service Provision Assessment (SPA: http://www.dhsprogram.com/), a cross-sectional, routine facility-based survey administered in 16 developing countries to date ('SPA Overview' 2015) . The SPA is designed to capture health facility information about infrastructure, staffing, services offered, readiness to deliver care and certain quality metrics ('SPA Questionnaires' 2015) . It is comprised of four standard data collection tools administered over a 1-2-day period: the facility inventory, linked client observations and exit interviews on topics including antenatal care, and health worker interviews. SPA data for Kenya 2010, Namibia 2009 and Senegal 2012-13 are geo-located, complex survey data which capture standardized indicators for antenatal and malaria services (Namibia Health Facility Census 2009 , Kenya Service Provision Assessment Survey 2010 , Senegal Continuous Demographic and Health Survey/Service Provision Assessment, 2012 . Kenya and Senegal SPAs are representative nationally, regionally by managing authority and facility type, while the Namibia SPA is a facility census.
Using SPA data, we constructed the WHO malaria service readiness index for each facility. This index was our main outcome of interest and is comprised of a simple average of three domains of Items should only be included in the index for facilities located in malaria-endemic areas. All facilities for Kenya, Namibia and Senegal were considered to be located in an endemic area for this analysis. Due to inconsistent capture across SPA surveys, this variable was coded as whether at least one staff member providing the service had ever received training in the specific area. Interview response was captured from individual providers rather than from an in-charge of service area in the Kenya, Namibia and Senegalese SPAs. Presence of a trained microscopist was not asked in the Kenya, Namibia and Senegalese SPAs and thus was excluded when calculating malaria diagnostic capacity. IPT, Intermittent preventive treatment in pregnancy; SP, Sulfadoxine þ Pyrimethamine; ITN, Insecticide treated bed net. Potential confounders of the relationship between malaria burden and service readiness available in SPA data were categorized as: facility type according to level of care provided (tertiary: hospitals; secondary: health centres, maternities; primary: health posts, clinics, dispensaries, sickbays); entity responsible for managing a facility or the managing authority (public, NGO or FBO, private-for-profit); number of health worker interviews completed during the survey (1-5, 6-11, 12-21) ; whether the facility had a drug register updated daily (yes, no); number of funding sources (0, 1, 2, 3, 4 or more); survey month (January-December); administrative meeting frequency (not held/irregularly held, every 2-6 months, monthly); state of the drug storage area (the unweighted average of four variables scored 0 or 1: all medicines off the floor, protected from water, protected from sun, whether room is clean of rodent and pest evidence); and state of the physical infrastructure (unweighted average of availability of four variables scored 0 or 1: electricity or backup generator with fuel, protected regular water supply on-site or within 500 m, working phone or shortwave radio on-site or within 5 min' distance, functional computer).
We also used publicly-available malaria prevalence, or endemicity, data which give Plasmodium falciparum prevalence rates (PfPR) age-standardized to 2-10 years in 5Â5 km pixels from Bayesian-estimated global maps from the Malaria Atlas Project (MAP: http://www.map.ox.ac.uk/) (Gething et al. 2011a, b, c) . For MAP data, endemicity was defined as the prevalence of asexual blood-stage P. falciparum parasites in a population (Smith et al. 2007 ). We used MAP data for 2009, 2010 and 2012 corresponding with respective SPA country and survey years as a proxy for true endemicity. Endemicity, our primary independent variable, was continuously scaled from 0 to 1. We also used United Nations-adjusted population density data for 2010 are from the Gridded Population of the World, Version 4 in raster format with an output resolution of 30 arc-seconds (Doxsey-Whitfield et al. 2015) . Population density was assessed as a potential confounder and was used to calculate regional facility density per 100 000 population. The potential interaction between endemicity and urban/rural data from the Global Rural-Urban Mapping Project (Balk et al. 2005 ) was also considered. Given malaria has historically been a rural disease, we expected endemicity would vary by degree of urbanization.
We extracted endemicity, population density and urban/rural raster values in ArcGIS 10.3.1 using the Spatial Analyst extension and geographic coordinates of each facility (see Supplementary Text S1 for additional detail). Urban facilities were assigned a value of 1 and rural facilities a value of 0. Continuous values for endemicity and population density were assigned using the raster cell corresponding to a facility's location. Values for endemicity, population density, and urbanization were exported in Excel and linked to facilities using latitude and longitude coordinates.
Statistical analysis
Statistical analysis was performed in Stata 12.0. We attempted to establish the validity and reliability of the malaria service readiness index using the pooled SPA data. We used the index as originally intended given expert review and selection of indicators comprising the index were used by WHO to establish content validity (with slight modifications due to data availability noted in Table 1 ) (O'Neill et al. 2013 ). Construct validity was tested by calculating convergent and discriminant validity of the index with other indicators of interest from the data. We hypothesized that the overall index and domains of malaria service readiness would positively correlate with antenatal service readiness and child curative service readiness indices and domains (convergent validity) which have previously been defined elsewhere (Health Statistics and Information Systems Division 2015). Availability of SPA indicators which do not correlate with service readiness was inherently limited by the structural-and process-related quality focus of the survey. However, we hypothesized that the index would not correlate (discriminant validity) with whether a client feedback system was in place, and whether user fees were imposed. Selection of the former indicator was based on limited, inconclusive evidence of the application and resultant effect of feedback systems on improved service quality (Debono 2009 , Reader et al. 2014 , Ha et al. 2015 , and selection of the latter was based on inconclusive evidence of the effect of fees on service input access and service quality (Lagarde and Palmer 2008, Hatt et al. 2013) . To test these hypotheses, we calculated Greiner's rho for each correlation of interest which ranges from À1 to 1, is similar in interpretation to other rho measures, and is suitable for non-normal, complex survey data (Newson 2002) . We tested reliability of the malaria service readiness index components by calculating Cronbach's alpha and using 0.70 as a threshold for good reliability (DeVellis 2012).
We calculated unweighted descriptive statistics for variables of interest (Table 2 ). Unadjusted and adjusted weighted associations were assessed using complete case analysis in linear regression models and a ¼ 0.05. We took the natural log of the independent variable endemicity due to a posteriori fitting of the data. Inclusion of potential confounders in the model was based on a priori knowledge (drug register availability; condition of facility infrastructure; managing authority), existing evidence of seasonal parasite transmission patterns [survey month (Kelly-Hope and McKenzie 2009)], and bivariate testing using an alpha cut-off of 0.25. Region and facility type were accounted for in complex survey analyses. Potential interactions between endemicity and urban/rural location, month and managing authority were also evaluated. We built the final parsimonious model for pooled country data using manual entry and used Wald's test to determine goodness of fit. Model assumptions including the presence of residual autocorrelation were tested for individual countries. We performed a sensitivity analysis for missing data by creating a dichotomous variable for missing data and examining adjusted associations with the natural log of endemicity, managing authority, month of survey, number of health worker interviews, country and facility type. We also imputed missing service readiness scores for facilities and compared the adjusted results to those of the original analytic sample.
Ethics
Ethical approval for this study was obtained from the authors institute, which deemed this study non-human subjects research due to use of secondary, publicly available datasets.
Results
Eight hundred and eighty-three facilities met the eligibility criteria for inclusion in this study, out of 1544 total facilities sampled in the 3 country surveys. Of those eligible, 826 (93.5%) had complete information for every variable of interest. In our analytic sample, Kenya accounted for 433 (52%) of facilities, followed by Namibia with 228 (28%) of facilities and Senegal with 165 (20%) ( Table 2 ) with varying facility distributions across country regions (Supplementary  Table S2 ). Within eligible facilities, the frequency of missing data was low at 55 facilities or 6.2% overall (see Supplementary Tables  S3 and S4 ) or 15 of 448 (3.3%), 15 of 243 (6.2%), and 25 of 190 (13.2%) for Kenya, Namibia and Senegal, respectively.
Median malaria service readiness was 0.83 overall (IQR 0.75, 0.92), and median PfPR 2-10 endemicity was 0.03 or 3% (IQR 0.01, 0.06) with similar country-specific median malaria prevalence (Table  2 ). In the overall analytic sample, 575 (70%) of facilities were public, followed by 135 (16%) managed by private-for-profit entities and 116 (14%) by NGOs or FBOs. Namibian and Senegalese facilities were predominantly publicly managed at 200 (88%) and 153 (93%) of facilities respectively, whereas managing authorities of Kenyan facilities were more evenly distributed (51% or 222 public, 29% or 124 private-for-profit, 20% or 87 NGO/FBO). In total, 271 (33%) of the sample provided tertiary, 181 (22%) provided secondary, and 374 (45%) provided primary care. However, the breakdown of facilities across care levels is further differentiated by country, where Kenyan facilities in our sample were skewed toward tertiary or hospital-based care (53%), while Namibia and Senegal facilities mostly provided primary care (74 and 68%, respectively). In general, facilities were more likely to be urban than rural (68% or 561 overall; 62% or 267 in Kenya, 81% or 184 in Namibia, 67% or 110 in Senegal).
Mapping of malaria service readiness and endemicity
We calculated and ranked median malaria service readiness performance by country and geographic region (Figure 1 ). We also mapped malaria service readiness scores at the facility level and overlaid on endemicity data (Figure 2 ) to qualitatively examine Number of funding sources 0 22 (5) 12 (5) 0 (0) 35 (4) 1 157 (36) 114 (50) 67 (41) 338 (41) 2 142 (33) 67 (29) 54 (33) 263 (32) 3 64 (15) 31 (14) 38 (23) 133 (16) (57) 129 (78) 566 ( 
Performance within service readiness domains
We also mapped performance at the facility level for each country within each malaria service readiness domain (Figure 2 ). Qualitatively, there appeared to be greatest heterogeneity in domains 1 (trained staff and guidelines) and 3 (medicines and commodities), as compared with domain 2 (diagnostics). Namibia and Kenya had the greatest heterogeneity in domain 1, whereas Senegal had comparatively fewer low-performing facilities. Performance was similar for all three countries in both domains 2 and 3. Domain 2 showed little variability, with few low-performing facilities in any of the three countries. Domain 3 performance indicated all but three facilities had at least one of four medicines and commodities available, yet substantial variation within all three countries was still present.
Performance within countries
We similarly examined results within countries, or across service readiness domains (Figure 2 ). In general, Kenya and Namibia both appeared to have lower and more varied facility performance in terms of availability of clinical guidelines and trained staff, as compared with availability of diagnostics or medicines and commodities. However, in either country lower performing facilities were not necessarily the same in domains 1 and 3. Interestingly, Senegal facilities generally had moderate to high scores in domains 1 and 2 of readiness with somewhat lower performance in domain 3. In general, domains 1 and 3 performance at the facility level for all three countries appeared to drive overall performance.
Validity and reliability testing
Results of the construct validity testing (Supplementary Table S5) suggested the malaria service readiness index was positively, albeit weakly, correlated with domains of the indices for child curative service readiness. Unexpectedly, malaria service readiness had a negative weak correlation with antenatal service readiness. As hypothesized, the malaria service readiness index was not correlated with the indicators selected to test discriminant validity. We also calculated Cronbach's alpha [a ¼ 0.59, 95% CI (0.57)] to test reliability of the index (Supplementary Table S6 ), which was somewhat lower than our cut-off of 0.70.
Regression results
Unadjusted and adjusted linear regression analyses are presented in Table 3 . Our final model included the natural log of endemicity, facility location, managing authority, survey month, number of health worker interviews and the interaction of facility location with natural log of endemicity. The interaction between facility location and the natural log of endemicity approached significance in the adjusted model (P ¼ 0.058). As endemicity increased in rural areas, facility readiness to deliver malaria services also increased and was statistically significant (Table 4 ). In contrast, this relationship did not appear to hold for urban facilities. We also found that private-for-profit facilities performed somewhat lower, on average, compared with public [b: À0.102; 95% CI (À0.154, À0.050)]. We did not find a significant difference in performance for facility management by NGOs/FBOs as compared with government-managed (public) facilities. Results of country-stratified analyses (Table 4 and Supplementary Figure S7) suggested that the interaction between facility location and endemicity varied by country; however, we could not be certain due to insufficient power to detect an interaction for either Namibia or Senegal alone. The addition of a country variable to the pooled adjusted model did not affect the magnitude of this interaction or its significance. Stratified analyses of Kenyan facilities indicated the significant positive association found in pooled data for rural facilities held, (61) Coast (58) Eastern (60) Nyanza (52) Central (66) Nairobi (43) North-Eastern (31) RiŌ Valley (62) Namibia (n=228) Oshikoto (21) Caprivi (19) Kavango (41) Ohangwena (31) Omaheke (14) Kunene (14) Oshana (11) Khomas (4) Erongo (5) OmusaƟ (37) Otjozondjupa (19) Hardap (5) Karas (7) Senegal ( Regional Malaria Service Readiness: Median and Inter-QuarƟle Ranges for Kenya, Namibia and Senegal Figure 1 . Regional Malaria Service Readiness: Median and Inter-Quartile Ranges for Kenya, Namibia and Senegal. This figure depicts the median and interquartile ranges for malaria service readiness for each country (Kenya, Namibia, Senegal) overall and by region, for facilities in our analytic sample. Hollow symbols indicate median scores at the country level; square symbols represent median scores for the country/regions of Kenya, triangles represent Namibia and diamonds represent Senegal. For each country, the median country score is given followed by each region ranked in descending order according to median score. Facility counts are provided in parenthesis next to each country/region on the x-axis while urban facilities appeared to be less ready to deliver care as endemicity increased. This interaction was not significant for either Namibia or Senegal facilities. Sensitivity analyses of missing facilities suggested NGO/FBOand private-for-profit-managed facilities were significantly more likely to have missing data than public facilities, as were facilities in Senegal compared with Kenya (Supplementary Table S8 ). Facilities with missing data had increased odds of higher endemicity [OR 2.02; 95% CI (1.17, 3.49)]. Results of the adjusted model using imputed data were not different from adjusted results of the analytic sample (Supplementary Tables S9 and S10 ).
Discussion
Overall, facilities in our study tended to perform well in terms of readiness to deliver malaria services. Improved facility readiness was Figure 2 . Mapped facility performance in malaria service readiness domains and overall index in Kenya, Namibia and Senegal. Maps a1-c1 depict facility-level performance on the overall malaria service readiness index overlaid on endemicity. Maps 2-4 for Kenya (a), Namibia (b), Senegal (c) depict facility-level performance on service readiness domains 1-3, or trained staff and guidelines, diagnostics and medicines and commodities, respectively, overlaid on endemicity. Maps a5-c5 depict malaria endemicity alone associated with higher malaria burden in rural areas, but not in urban areas. We also noted that facility managing authority may be important for determining readiness. On average, private-for-profit facilities performed lower than public facilities. However, we did not find a significant difference between publicly-and NGO/FBOmanaged facilities. This may be due to insufficient statistical power to make this comparison, despite relatively high facility counts across all managing authority types.
We also identified wide variations in facility performance across and within domains 1 (trained staff and guidelines) and 3 (medicines and commodities) of malaria service readiness. Performance in domains 1 and 3 qualitatively appeared to drive performance of the The unadjusted association for the interaction term is estimated with both main effects in the model. overall index within countries. Conversely, nearly all facilities performed well in terms of domain 2, or availability of a valid malaria rapid diagnostic test (mRDT) or microscopy.
Results of validity testing for the malaria service readiness index indicated performance was generally as expected in terms of child curative services, although anticipated positive correlations were not strong overall. Interestingly, a weak, negative statistically significant correlation with antenatal care services was observed. This may have been driven by the negative correlation with diagnostic capacity which was nearly ubiquitous across facilities, and consequently could have artificially affected our results. Similarly, although we anticipated strong performance in terms of reliability testing, Cronbach's alpha of 0.59 was lower than the cut-off value (0.70) usually employed. However, it is reasonable to consider these findings in conjunction with prior literature and expert review conducted during establishment of this index.
Use of the WHO's readiness indicators in the literature has been limited, despite their utility as expert-reviewed metrics and the practicality and low-cost nature of using existing data sources which capture them. Lee et al. (2016) examined quality of antenatal care service delivery and noted the predominantly structural-and process-oriented nature of the indicators captured in SPA data collection tools, in line with the well-established structure-process-outcome quality continuums (Donabedian 1988) . We observed similar patterns and the concurrent dearth of outcome indicators. Our study uniquely reverses this issue, however, instead using what are traditionally input-oriented indicators of the malaria service readiness index as an outcome associated with malaria endemicity level. Studies of this nature provide data on performance quality, which is an integral tool of health systems strengthening (Ngindu et al. 2015) .
Prior research examining associations with malaria endemicity has looked at factors important for prevention and control efforts and associated outcomes. Urbanization is a well-established driver of malaria transmission due to habitat preferences of many of the common vectors for open, freshwater breeding spaces often found in rural areas (Trape and Zoulani 1987 , Lindsay et al. 1990 , Hay et al. 2005 . Studies have also shown a link between endemicity levels and care seeking behaviours as well as drug prescription practices for malaria treatment, although the majority have done so in either low or high transmission areas exclusively (Ndyomugyenyi et al. 2007 , Okebe et al. 2010 , Diallo et al. 2012 . Interestingly, study findings from Chuma et al. (2010) suggested the possibility of a relationship between per capita cost burden of treating malaria and variations in endemicity in Kenya (Chuma et al. 2010) . Burgert et al. (2014) demonstrated a method for defining endemicity zones ex post facto for use with secondary household survey data through the example of multiple countries' progress in terms of ITN coverage (Burgert et al. 2014) . We adapted this method for use with facility data in response to the authors' call for additional studies of the association of endemicity with outcomes data, and considering the opportunity to use under-utilized quality metrics such as the WHO's malaria service readiness index (Donabedian 1988 , O'Neill et al. 2013 . Burgert et al. (2014) also identified an important gap with respect to whether case management varies by endemicity level, paving the way for a preliminary study of readiness to deliver good case management services. Further, where clinical presentation, treatment guidelines, and approaches for transmission prevention all differ based on endemicity level (Nosten et al. 2004, Duffy and Fried 2005 , The Global Malaria Action Plan: For a malaria free world 2008), study of the relationship between malaria endemicity and capacity to deliver malaria services was warranted.
Strengths and limitations
Our study highlights the availability and potential utility of expertreviewed indices like the malaria service readiness index for performance assessment. Analysis of routinely-conducted facility surveys such as the SPA, using standardized metrics of this nature, presents an opportunity for broader comparisons not only within but across countries and regions. A strength of the malaria service readiness index lies in its intended design, that is, to capture many structural elements of malaria service quality in terms of availability of guidelines, diagnostics, medicines, and commodities. We demonstrated a straightforward method for linking alternative sources of disease prevalence data to facility performance data which can be used to assess variations in service delivery performance in response to specific service needs like malaria. Pooled, multi-country analyses can improve statistical power in studies of this nature, as with the validity and reliability tests we conducted for the malaria service readiness index.
Although health systems are often thought of as uniquely operating within national or sub-national contexts, this analysis suggests broader lessons may be drawn through combined country analysis. Data captured and reported at the facility-level can be aggregated for use at higher levels of a country's health system. Where appropriate, these data can also be used to make cross-country performance comparisons. These comparisons may help identify variations in performance, allowing decision-makers to target low-performing areas. SPA data provide additional information on facility type and managing authority, which can be important drivers of performance (Hutchinson et al. 2011) .
This study has several limitations of note. Expert-established metrics like the malaria service readiness index may be necessarily limited in their scope, or as we have demonstrated, they may not have been validated and tested for reliability prior to integration into routine surveys. Both situations can lead to data and analysis limitations. Use of a structural quality measure like the malaria service readiness index does not allow for assessment of process quality in service delivery. For example, the index does not include indicators of provider and patient health behaviours, which may be important determinants of, for example, uptake of intermittent preventive treatment in pregnancy (IPTp) or treatment adherence given diagnostic results (Galactionova et al. 2015) .
Unmeasured confounding may remain due to inability to consider certain facility-or regional-level predictors of service readiness because of their unavailability or inconsistent inclusion across country surveys in SPA data. For example, potential confounders not considered include donor funding (Snow et al. 2008) , supply chain issues, and policy diffusion at the sub-national level (Hill et al. 2013) . Inconsistent inclusion may have been due to changes in survey questionnaires over time, varying country contexts or changes in clinical guidelines, and may consequently be unavoidable in multicountry comparisons (Choi and Ametepi 2013) . Our inability to control for these types of important health systems and policy factors due to data limitations could bias findings in either direction. Future research designed to tease out the role of malaria endemicity in relation to other factors assessing the basic building blocks of a health system may be warranted.
We could not separate out facilities primarily servicing low socio-economic areas, nor were we able to differentiate along the urban-to-rural gradient and look specifically at peri-urban areas. These may be important considerations in terms of malaria service delivery and health facility response to actual need for services. In addition, our study used cross-sectional facility data from a single point in time paired with estimates of endemicity based on aggregate survey data, rather than real-time surveillance data. Consequently, we could not consider the potential for localized 'hot spot' transmission areas which have been well documented in the literature (Bousema et al. 2010 , Noor et al. 2011 , Gadalla et al. 2014 , and which could increase demand for services. Increased demand might either lead to improved or reduced readiness depending on facility response to localized epidemics. Poor planning could lead to stockouts, whereas early identification of epidemics could lead to improved procurement of necessary supplies. Modelled endemicity data are unlikely to capture a localized epidemic, whereas crosssectional facility data might reflect the response (or lack thereof) to increased demand. Further, we were limited in our use of a crosssectional design, which provided a snap shot in time of facility readiness and did not permit causal or trend analyses.
We excluded several facility types based on services offered, which had some effect on our sample size. We excluded VCTs in Kenya, which would have introduced a negligible amount of bias where they accounted for only 1% of Kenyan facilities sampled (Kenya Service Provision Assessment Survey 2010 2011). We also excluded Senegalese health huts which provide a more limited range of malaria and antenatal services. Capacity to deliver these services is generally lower in health huts, and their exclusion may have biased overall and sub-national performance scores for malaria service readiness upward, particularly for largely rural areas where health huts may be an important extension of the health system (Agence Nationale de la Statistique et de la Démographie (ANSD) [Senegal] et al. 2013) . We also had to consider the possible presence of information bias in terms of health worker interviews, since as the total number of completed interviews increased, average service readiness also increased. Increased total interviews may have led to improved likelihood of interview of an adequately-trained on-duty provider, but they may have also served as a proxy for better staffing in general.
Although of low frequency in this study, missing data have previously been shown to be an issue when analysing SPA datasets (Aranda et al. 2015 , Lee et al. 2016 . The higher response rate for malaria indicators in public facilities might either indicate real positive progress in these facilities, or alternatively might suggest the presence of respondent bias, both in terms of perceived incentive to participate (resulting in a higher response rate) and perceived desired response (resulting in inflated performance). Although we cannot be certain if respondent bias was present, where feasible, we specifically coded indicators according to observed availability of materials which should have helped to reduce its effect. We also imputed missing data which were low (6.2% of eligible facilities), and found there was no difference after accounting for missing data. Notably, multiple imputation requires data to be missing at random (Heeringa et al. 2010) , and while we believe this to be the case based on our results, we cannot be fully certain. These steps, paired with a detailed quality assurance protocol through the DHS Program (http://www.dhsprogram.com/data/DataProcessing.cfm#CP_JUMP_5191), may have reduced the likelihood of unreliable data, particularly for public facilities.
Significance and interpretation
Funder decision-making is often driven by national-level performance measures. For countries where malaria burden is homogeneous and where performance might be expected to be similar across geographies, facility types, and managing authorities, it may be reasonable to use national statistics. However, as our study demonstrated, nationally-or regionally aggregated data often mask underlying heterogeneities. Low performance in certain areas, whether measured in terms of service readiness or population coverage indicators, may lower national averages (Burgert et al. 2014) . Furthermore, low performance in high burden areas may result in a significant burden in terms of malaria-related morbidity and mortality, suggesting poor prioritization of resources. In this study of cross-sectional data, performance was both associated with endemicity as well as facility characteristics. Routinely repeated facility surveys can be used to verify these findings over time, track performance trends of specific facilities, identify consistently low and high performers, and to evaluate the impact of targeted interventions in high-burden areas. Emphasis on national-level performance with failure to completely consider sub-national data may not allow for a comprehensive assessment and a fully-informed decision-making process.
Our findings, with respect to index reliability and validity testing, suggest caution is warranted in interpretation of broader study results. Literature and expert reviews were important for index development by the WHO, in line with accepted standards for index construction from multiple indicators (DeVellis 2012). In addition, the significant positive, albeit weak, performance of both the staffing and guidelines and medicines and commodities domains suggest the indicators within are valid measures of the underlying domains. However, the correlation between the overall malaria and antenatal care service indices was unexpectedly negative, potentially calling into question the validity of the index, or the possibility that the ANC index was not an ideal selection for validation purposes. Further convergent validity testing against other indices may be warranted, or the malaria service readiness index may need refinement. For example, sensitivity analyses suggested removal of paracetamol may improve index reliability, as availability was nearly ubiquitous. Other readiness measures might be considered for inclusion, such as treatment of severe disease where appropriate. Alternatively, modification of the survey tools and included measures could help address the observed inconsistent inclusion of certain indicators, such as 'availability of a trained on-duty provider'. We suspect that improved validity and reliability of a modified index might result in a stronger association between endemicity and readiness and a more accurate depiction of systems-level readiness to deliver malaria services, but we cannot be certain. In the interim, study results as they pertain to the concept of systems-wide malaria service readiness must be cautiously interpreted, both in terms of our three study countries as well as in other endemic countries.
Malaria has traditionally been a rural disease of poverty, in part due to larval habitat preferences of the major sub-Saharan African vectors Anopheles gambiae, An. arabiensis and An. funestus, and successful efforts to eliminate larval habitats in urban areas (Mutuku et al. 2009 , Sinka 2013 , Wilson et al. 2015 . Our results support the idea that, in rural settings, recognition of higher malaria burden may lead to improved facility readiness. However, urban malaria incidence in sub-Saharan Africa in many settings is surprisingly high and may result in a substantial disease burden due to population density, even where urban incidence is lower than for surrounding rural areas (De Silva and Marshall 2012) . Our findings showed wide variations in both endemicity and facility readiness in urban areas, which suggests missed opportunities to target interventions generally to higher burden areas, and to ensure consistently high readiness across all urban facilities, even where the adjusted PfPR is low but total affected population count may be high. Prior evidence indicates urban transmission may be localized and more common in lower socioeconomic status areas such as slums and peri-urban communities (De Silva and Marshall 2012) .
Differences in performance by management authority, as seen in the lower performance of private facilities compared to public, could be driven by several factors. For example, these factors could include: decreased ability of government entities to monitor privately-managed facilities (Brugha and Zwi 1998 , Zwi et al. 2001 , Mills et al. 2002 , differences in and frequency of provider training (Mills et al. 2002 , Visser et al. 2017 ), or differences in policy and evidence diffusion (Brugha and Zwi 1998) pertaining to adoption of first-line antimalarial medications in the mid-2000s thereby impacting in-stock pharmaceuticals (Amin et al. 2007) . The latter may be reflected temporally in our 2010 Kenya and 2009 Namibia data.
Broadly, findings with respect to varied performance in domain 1 (trained staff and guidelines) and domain 3 (medicines and commodities) indicate these two readiness domains may warrant further attention practically, even in a country like Senegal which has made good progress in malaria control (Roman et al. 2014 ) and for which our data were recent. Yet, we cannot rule out the possibility that data capture methods, particularly for separate guidelines for IPTp vs diagnostics and treatment, may have created confusion and resulted in biased interview responses. For example, the 2005 Namibia National Malaria Policy which was in place at time of data collection integrated both sets of guidelines, yet these indicators were captured separately by the SPA. Although the national Namibian policy indicated IPTp should be administered in low and high endemicity zones (indicating IPTp guidelines should be widely available) (National Malaria Policy 2005), only 4% of total facilities had IPTp guidelines observed, compared with 78% observed with a copy of the national malaria policy. Sensitivity analyses substituting the national malaria policy availability indicator for both IPTp and diagnostics and treatment guidelines qualitatively improved performance in this domain for Namibia, but did not affect the pooled adjusted results. The advent of easy-to-use mRDTs and international push for universal diagnostic access including pilot mRDT roll outs in the private sector (The World Health Organization 2010 , Visser et al. 2017 , coupled with the complexities and staffing shortages associated with microscopy (Perkins and Bell 2008) , may have driven diffusion of mRDTs and thus consistently high performance in this domain. We would have otherwise expected a lower proportion of primary care facilities to have valid diagnostics available as compared to secondary or tertiary care facilities, as microscopy may well be unavailable at this level of care (Perkins and Bell 2008) .
Further, performance comparisons between domains must be made cautiously. Scales vary for each domain and the overall index due to the number of indicators included in each. Consequently, caution is warranted when interpreting national, regional or facility performance across domains for a specific country, as performance scores taken at face value may be skewed by the method of measurement within one domain to the next. Conversely, general comparisons within a domain across countries may be more reliably made in terms of relative performance. In either case, a common understanding of what constitutes 'acceptable' performance thresholds would help lend credence to comparisons for decision-making purposes.
Study findings require cautious interpretation in terms of generalizability to facilities and countries outside of the analytic sample and to other time periods. Our analytic sample was from a single point in time, was a subset of the original surveys' sampling schemes for Kenya and Senegal limited to facilities which provided malaria and antenatal services, and the original sampling scheme was not designed to be representative of specific services. Consequently, results may not necessarily be reflective of national or regional performance over time or within Kenya or Senegal for all facilities providing these services. For example, although primary care facilities comprised 79% of the original weighted SPA sample reflecting the national proportion in Kenya for 2010, only 62% of facilities in the weighted analytic sample for Kenya provided primary care (Supplementary Table S11 ). Caution is warranted when seeking to generalize study findings to other sub-Saharan African countries.
Conclusions
Using readily available, spatially linked data sources and established metrics, we demonstrated a straightforward approach for determining whether disease burden is associated with variations in facility readiness to deliver care. This innovative health systems approach may catalyze discussion of what constitutes adequate malaria service readiness, and using data with a temporal component, could be extended over time to examine sub-national trends in readiness. Further, assessment using a complete facility census such as is available for Namibia could be used to determine gaps in population access to facilities with adequate readiness.
Our findings indicated room for improvement in terms of regional and facility readiness to deliver basic malaria services for the studied time frame, even in countries such as Namibia and Senegal where substantial progress has been made. Interventions should be targeted at low performing regions and facilities-including geographic clusters of low performing facilities-with consideration given to the specific readiness domains where facilities fall short. Malaria elimination efforts will continue to require well-stocked facilities with the capacity to deliver quality preventive, diagnostic and treatment services for the foreseeable future due to the shrinking transmission map and the ensuing reductions in the protective effect of naturally acquired immunity. Our findings also suggested that efforts to improve data collection and standardization across routine country surveys are needed to facilitate within-and across-country comparisons. These data could provide invaluable baseline information for health systems strengthening initiatives and tracking of country progress. Finally, this study demonstrated the application of routine surveillance data for public health use. These existing data offer a wealth of useful information that should be used to maximally inform the public health knowledge base and targeted interventions.
